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ABSTRACT Spontaneous oscillatory electrical activity at a
frequency near 40 Hz in the human brain and its reset by
sensory stimulation have been proposed to be related to cog-
nitive processing and to the temporal binding of sensory
stimuli. These experiments were designed to test this hypothesis
and to determine specifically whether the minimal interval
required to identify separate auditory stimuli correlates with
the reset of the 40-Hz magnetic signal. Auditory clicks were
presented at varying times, while magnetic activity was re-
corded from awake human subjects. Experimental and mod-
eling results indicate a stimulus-interval-dependent response
with a critical interval of 12-15 ms. At shorter intervals only
one 40-Hz response, to the first stimulus, was observed. With
longer intervals, a second 40-Hz wave abruptly appeared,
which coincided with the subject’s perception of a second
distinct auditory stimulus. These results indicate that oscilla-
tory activity near 40 Hz represents a neurophysiological cor-
relate to the temporal processing of auditory stimuli. It also
supports the view that 40-Hz activity not only relates to
primary sensory processing, but also could reflect the temporal
binding underlying cognition.

The auditory system is known for its excellent time resolu-
tion, in contrast to the visual system, which has a delay that
is deeply embedded in the integration time for the retinal
system. It must be remembered that to localize sound in
space the auditory system must be able to detect delays on
the order of microseconds. In addition, neuropsychological
and psychophysical observations indicate that the auditory
system is capable of tonality discrimination of two stimuli
that are separated by only 1-2 ms (1), whereas 15-20 ms is
required for the perceptual separation of two stimuli (2).

Magnetic and electric recordings from the human brain
have revealed spontaneous coherent oscillatory activity near
40 Hz (3, 4). This activity, which is reset by sensory stimu-
lation (4-8), has been proposed to be related to cognitive
processing (9, 10) and to the temporal binding of sensory
stimuli (4).

To find whether the 40-Hz oscillatory activity relates to the
temporal binding of sensory stimuli, a 37-channel magne-
toencephalography (MEG) system (4) was used. In these
experiments the reset of 40-Hz oscillatory activity occurring
in response to one or two auditory clicks (presented at 3- to
30-ms interstimulus intervals) was studied in nine men, 22-51
years old, with normal hearing.

METHODS

A multichannel MEG system (Biomagnetic Technologies,
San Diego), comprising a magnetically shielded room, a
cryogenic Dewar flask with 37 magnetic sensors, and a
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sensor-position indicator (to determine position and orienta-
tion of the sensors with respect to the head), was used for all
experiments. The subjects were asked to lie on a bed with
their eyes closed and to stay attentive. The magnetic-sensor
array was positioned over the auditory area of the right
hemisphere.

Subjects were instructed to attend to 10 blocks of auditory
stimuli. Two blocks included a repetition of one stimulus, and
8 blocks a repetition of two stimuli. The pairs had interstim-
ulus intervals of 3, 6, 9, 12, 15, 18, 24, or 30 ms. The order
of the block presentation was randomized, but the interstim-
ulus interval for the pairs was constant during each block.
The stimuli were clicks (10-kHz square wave, intensity near
60-decibel sound pressure level) presented binaurally. Stim-
ulus pairs were presented with interstimulus-pair intervals of
130 = 10 ms. MEG activity was recorded from 10 ms before
to 100 ms after the onset of the first stimulus (bandpass, 1-400
Hz; sample rate, 1041 Hz). At the end of each block the
subject reported whether the auditory stimuli comprised one
or two events. During each block presentation a total of 1000
epochs were recorded and the transient responses were
averaged by using the onset of the first stimulus as a trigger.

During the perceptual test each subject was presented with
six sets of two click presentations with interstimulus intervals
of3,6,9, 12, 15, 18, 21, 24, or 30 ms. In each set the rate of
presentation was the same as during the MEG recording but
was repeated for a period of ~10 s. At the end of each trial
the subjects reported whether the auditory stimuli could be
identified as consisting of one or two clicks. In each set a
lower threshold was defined as the last ‘‘one click’ answer
while going through the set from 3- to 30-ms time interval.
The upper threshold was defined as the last ‘‘two clicks™
answer while going from 30 to 3 ms. For each set the upper
and lower thresholds were averaged, and the mean percep-
tual threshold for all 6 sets was computed.

Simulations are based on data obtained by the single-click
experiment for the first response. The second response was
simulated in two ways by shifting the wave form produced by
the single-click experiment by an appropriate time interval,
consistent with the interstimulus interval. This was done in
two ways. Method A: In the dependent model the response’
to the second click appeared only after interstimulus intervals
greater than a certain value (a time threshold). This depen-
dent model was implemented by introducing a step-function
scaling factor such that the amplitude of the response for the
second click was 0 for interstimulus intervals shorter than
“‘threshold’’ and 1 for those longer than ‘‘threshold.”’
Method B: In the independent model, the response to the
second click was the same for all the interstimulus intervals.
Accordingly to our definition the scaling factor of this re-
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FiG. 1. Average magnetic responses recorded from a represen-
tative subject and power spectrum (1000 epochs) after binaural
auditory stimulation [10 kHz, 60-decibel (sound pressure level)
click]. (A) Schematic diagram of the sensor distribution over the right
hemisphere. (B) Superposition of the power spectra and responses
recorded from the 37 positions. Individual traces show a clear
activation near 40 Hz. (C) Band-pass filtering from 1 to 400 Hz. The
40-Hz activity is visible in addition to a small low-frequency activa-
tion (arrowhead indicates stimulus onset). (D) Twenty- to 50-Hz
filtering isolates only the 40-Hz events. Broken lines indicate peak
latencies. For this subject the mean latencies were 20.8, 34.2, 47.6,
64.4, and 75.6 ms (SD = 0.63 ms, n = 5) as measured in a replicate
experiment.

sponse was constantly 1. Method A was fitted to the data by
using a local optimizer (11) in a single global fit on the eight
recording sets. The criterion (x) was a none-weight sum of the
square difference of the data to the model computed for all 37
channels from the time epoch between 21 and 100 ms. In
method B no parameters were computed since this model
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supposed that a response would be elicited independently of
the interstimulus interval.

RESULTS AND DISCUSSION

A power spectral analysis of the raw data (Fig. 1) revealed a
significant component near 40 Hz, indicating the presence of
a synchronized 40-Hz event in the human brain (5, 7, 8). The
data were filtered at 20-50 Hz for further analysis to remove
a 10-Hz component, which modified the baseline in the raw
data in each of the 37 channels differently, depending on the
10-Hz component in that particular channel. The high-
frequency rhythm near 40 Hz in the raw data was well
correlated with the 40-Hz response in the filtered data. We
define the 40-Hz response produced by a single stimulus as
a 2.5 oscillatory cycle, demonstrating two and one-half
oscillations at 40 Hz.

Magnetic recordings demonstrated a single 40-Hz response
following the presentation of two auditory stimuli at inter-
stimulus intervals < 12 ms. Indeed, the response was iden-
tical to that following a single stimulus (Fig. 2). When the
stimuli were presented at longer intervals, a second response
abruptly appeared which overlapped with that elicited by the
first stimulus.

To investigate the mechanism underlying these results, we
tested two possible propositions. The first (Fig. 3A) posited
that (i) the first stimulus triggers a 40-Hz oscillatory event and
(ii) the second stimulus would induce a similar response only
after a given time interval. The second model (Fig. 3B)
posited that both stimuli induce 40-Hz activity, indepen-
dently of interstimulus interval.

The results predicted by the two models were compared
with the electrophysiological data obtained from all 37 re-
cording positions (Fig. 3 C and D). Statistical analysis of all
nine subjects indicated that the first model fitted the exper-
imental data significantly better than the second (y?2 test for
stimulus intervals < 14.2 ms; Fig. 3 E and F). An equivalent
individual subject measurement of this critical interstimulus
interval (Fig. 4) was given by the first model, and its mean
across the nine subjects was found to be 15.00 ms (SD = 2.6
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FiG. 2. Effect of increasing the interstimulus interval on MEG activity. (A) The largest of the 37 responses, obtained by the single-click
experiment and filtered at 20-50 Hz, was selected and that same channel recording is the actual one illustrated in each block. Arrowheads indicate
the onset of the clicks, and the number to the right gives the interstimulus interval in milliseconds. (B) The peak latencies of the responses shown
on the left are plotted as a function of interstimulus interval. The broken lines indicate the peak latencies for the response to the single click.
Note that the response latencies for intervals < 12 ms are similar to those for a single stimulus. As the interval increased, a second 40-Hz response
was observed (solid line). The dots indicate the interaction between the second peak of the first response and the second peak of the second
response. Asterisks indicate the interaction between the second peak of the first response and the first peak of the second response.
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FiG. 3. Independent and dependent models for the response to a second stimulus. (A) In the dependent model the response to the second
click appears only after interstimulus intervals greater than a certain value (a time threshold). (B) In the independent model the response to the
second click is the same for all the interstimulus intervals. (C and D) Superposition of the mean difference (+2 SEM) across all the subjects
(n = 9) of the dependent model and the data (solid line and @) and of the independent model and the data (broken line and @) for the response
latency (C) and response amplitude (D). For each subject data were taken from the first four peaks of the response. (E) Plot of the mean value
for nine subjects of the criterion y computed separately for each recording set. For interstimulus intervals <14.2 ms the dependent model (solid
line and m) showed significantly lower y values than the independent model (broken line and ®) (two-tailed paired ¢ test on the y values of each

different recording block). (F) The P values for the eight 7 tests.

ms). As expected, this was slightly greater than the value
produced by the global statistical analysis (Fig. 3).

This finding indicates that at interstimulus intervals < 14.2
ms, only the first stimulus induced a 40-Hz response, while
with longer intervals each stimulus induced its own 40-Hz
activity. Although we use a simple model to describe this
phenomenon, physiologically the abruptness of the response
probably relates to nonlinear single-cell oscillatory properties
as observed in vitro and in vivo (12, 13).

A similar set of stimuli were presented following MEG
recordings, and the perceptual threshold for identifying two
clicks was established (Fig. 4). Perceptual response from all
subjects indicated that stimuli presented at an interstimulus
interval > 13.7 ms could be identified as two clicks. The
interval between stimuli required for the second MEG re-
sponse and that required for the recognition of a second
auditory stimulus as a distinct event were not statistically
different (interval difference = 1.32 ms, n = 9, P = 0.309,
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F1G. 4. Relationship between perceptual and MEG “‘threshold’’
for identifying two clicks (minimum interstimulus interval). The
graph plots the thresholds for each of the nine subjects (@) and the
mean across all subjects (0).

two-tailed Student ¢ test). No regression between the two
variables was significant, indicating a cluster-like correlation
near 12-15 ms.

These findings correlate well with neuropsychological and
psychophysical observations. The ability to judge the tem-
poral order of a sequence of sounds was reported to depend
on whether the task required actual identification of the
individual elements of the sequence or whether it could be
performed by discrimination of their global pattern (14).
While the finest acuity for discrimination tasks is on the order
of 1-2 ms (1), the identification of individual element is on the
order of 15-20 ms (2). The present results coincide closely to
the classical interstimulus interval required to identify indi-
vidual stimuli (2). It must also be emphasized that delivering
double stimuli at intervals < 12-15 ms did change the tonality
of the perceived sound. This actually indicates that stimuli
coming within one perceptual ‘‘quantum’’ (12-15 ms) are
actually bound into one cognitive event rather than perceived
as separate entities. In addition, other observations led to the
conclusion that sensory information is processed in discrete
time segments (15, 16) as low as 12 ms (17).

Our findings suggest that 40-Hz oscillatory activity not
only is involved in primary sensory processing per se but also
forms part of a time conjunction or binding property that
amalgamates sensory events occurring in perceptual time
quanta into a single experience (4). Indeed, 40-Hz oscillatory
activity is prevalent in the mammalian central nervous sys-
tem (18-23), as evidenced at both the single-cell (12, 13) and
multicellular (5, 7, 8, 24) levels. This oscillatory activity,
which may also be studied by electrical recording (3, 10), has
been viewed as a possible mechanism for the conjunction of
spatially distributed visual sensory activity (25) or multire-
gional cortical binding (9, 24). In addition, it provides a
significant window for clinical investigation (7, 26). Our
presented findings suggest that binding could occur in steps
or ‘‘quanta’’ of 12-15 ms and further support our hypothesis
that 40-Hz oscillatory activity could serve a broad cognitive
binding function (4).
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